We examined the light transmittance characteristics and refractive indices of light-activated pit and fissure sealants. Five commercial pit and fissure sealants and human enamel were studied, along with the CIE L*a*b* color values of the materials and enamel. The light transmittance spectra of the pit and fissure sealants showed a similar trend to the enamel, especially at wavelengths below 530 nm. The average light transmittance values from 400 to 500 nm of the materials at 0.5-mm-thick ranged from 10.0% to 40.4%. The refractive indices at 589.3 nm ranged from 1.504 to 1.546, and were approximately 4−8% lower than that of enamel. The measurements for the surface hardness of materials indicate that the light-attenuating effect of enamel and the material itself reduced the polymerization efficiency of the material. For all materials, chromatic a* showed negative and b* showed positive values, as did enamel. Significant differences in light transmittance characteristics and refractive indices between the materials and enamel may affect color matching between them.
INTRODUCTION
The occlusal surfaces of premolars and molars with their pits and fissures, are at risk for the development of caries. Thus, pit and fissure sealants have been widely used for the effective prevention of caries on occlusal surfaces and have played important roles in minimal intervention dentistry 1, 2) . Due to their ease of application and advantages in clinical handling, such as controllable working time and minimal risk of entrapping air bubbles, visible light-activated pit and fissure sealants containing a photoinitiator and reducing agent are preferred.
A light-activated material's degree of polymerization depends on its light transmittance characteristics and the intensity of light with which it is irradiated [3] [4] [5] . In clinical situations, the thicknesses of the pit and fissure sealant used on the occlusal surface of teeth are generally less than about 500 µm 6) . Thus, most commercial light-curing units, designed for polymerizing light-activated restorative composite resins thicker than 2 mm, can efficiently polymerize the thin layer of sealant 7) . However, the light-activated pit and fissure sealant often may be irradiated with a light source through an enamel layer because irradiating directly deep into pits and fissures is impossible. In such cases, the enamel would attenuate the light intensity reaching the material, and the optical properties, such as the light transmittance characteristics of the material, would affect the polymerization efficiency of the material in deep pits and fissures 8) .
The clinical use of pit and fissure sealants must also provide aesthetic corresponding to natural teeth, and the optical properties of the translucent materials would also play an important role in matching the color appearance of the teeth 9, 10) . Thus, understanding the optical properties, such as the light transmittance characteristics and refractive index, is important when considering both the polymerizing efficiency and the color appearance of light-activated pit and fissure sealants.
Because of limited information on the optical properties and color appearance of pit and fissure sealants, the purpose of this study was to examine the light transmittance characteristics and refractive indices of such pit and fissure sealants. We also investigated the possible relationship in optical properties and color appearance between pit and fissure sealants and natural enamel.
MATERIALS AND METHODS
The five commercial resin-based light-activated pit and fissure sealants tested are listed in Table 1 , together with the code, shade, general chemical composition and manufacturer. All materials were optically translucent after polymerization. From the manufactures' information, all materials include inorganic fillers with different contents, approximately 20 wt% for FOS, approximately 60 wt% for MFF and PLS, and less than 10 wt% for TMF 11) and WSE. 
Light transmittance characteristics
Measurements of the light transmittance characteristics, including light transmittance and its wavelength distribution, were made using a spectral transmittance meter (TM-1, Topcon Co., Tokyo, Japan) ( Fig. 1) . In this apparatus, the standard illuminant D65 from a pulse xenon lamp passing through the specimen was detected with an integrating sphere and a photoconductive line sensor with resolving power less than 5 nm. Measurements were recorded at 5-nm intervals in the range of light wavelengths from 380 to 780 nm. The proportion of the intensity of the incident light and the transmitted light passing through the specimen was calculated as the light transmittance (%) of the specimen at each wavelength. The materials were packed into a stainless steel mold with a cylindrical hole (12φ × 0.25, 0.5 or 1.0 mm) on a glass plate. The paste was covered by a thin glass plate, and then a second glass plate was placed over the thin glass plate. Finger pressure was exerted to extrude excess material. The upper plate was removed, and then the material was irradiated through the thin glass plate for 30 seconds. A conventional light-curing unit (Jetlite 1000, J. Morita USA Inc., Irvine, CA, USA) with a handpiece that contained a 75-W tungsten-quartz halogen lamp each tooth using a micro-slicing cutter (MC-201, and a fused glass fiber light guide tip was used for Maruto Instrument Co. Ltd., Tokyo, Japan). Both sides irradiation. After polymerization, the specimens were of the disc were polished with #1500 emery paper and removed from the mold. The specimens were stored in a soft polisher with a 1-µm alumina suspension. The distilled water at 37°C for 24 hours in a darkroom until enamel discs were stored in a physiological solution at prepared for measurements.
Five human enamel 5°C until prepared for measurements. specimens (ENL) obtained from upper first incisors were also measured for comparison with the pit and Knoop hardness numbers (KHN) fissure sealants. Enamel discs, 0.5 mm thick and KHN of the pit and fissure sealants were measured approximately 6 mm in diameter, were sectioned from using with a micro-hardness tester (MVK-E, Akashi Seisakusho Ltd., Tokyo, Japan). Specimens were prepared with same method for the light transmittance measurement, and stored in distilled water at 37°C in the darkroom for 24 hours before testing. To evaluate the light attenuation effect through 0.5-mm-thick enamel layer on the polymerization efficiency, measurements for the specimens irradiated directly and indirectly thorough the filter 5) , which was designed so that the light transmittance characteristics were similar to that of 0.5-mm-thick enamel layer, with the light-curing unit were taken. Measurements were taken both at the top surface, which was exposed to the light, and bottom surface of the specimen under a 100 g load for 15 seconds. The hardness values of each surface were recorded as the mean of those five measurements for each specimen.
Color measurement
The color of a translucent material depends upon which color of light is incident upon the material, and which color of light is transmitted through the material. Thus color values of the pit and fissure sealants and enamel specimens on the CIE L*a*b* color system in the transmittance mode were measured using the spectral transmittance meter, which could provide color information of the specimen from its light transmittance spectra and special color mapping software improved for the CIE L*a*b* color system. The L* parameter describes the lightness coordinate (i.e., white−black) and a* and b* describe the chromaticity on the green−red and blue−yellow chromatic coordinates, respectively. Based on the color values, the color difference ΔE* for the pit and fissure sealants compared to those for enamel was calculated using the equation:
, where ΔL*, Δa*, and Δb* are the differences between the materials with a 0.5-mm-thick enamel specimen.
Refractive index
The refractive index of the specimen was measured using an Abbe refractometer (NAR-2T, Atago Co., LTD, Tokyo, Japan). Measurements were performed using a sulfur solution containing methylene iodide (Atago Co., LTD, Tokyo, Japan) as the contact liquid for film sample measurements at 37°C.
To prevent light scattering in the specimen from interfering with the measurement, monochromatic light of 589.3 nm wavelength from the spectrum of a sodium vapor lamp (SL-Na-B, Atago Co., LTD, Tokyo, Japan) was used as a light source. The material was poured on the glass plates, covered by a thin glass plate using spacers 0.2 mm thick to maintain the space between the glass plates, and then irradiated with the light-curing unit. After polymerization, rectangular film specimens (0.2 × 10 × 20 mm) were prepared from the polymerized material.
Human enamel was also measured for comparison with the pit and fissure sealants. An enamel disc, 0.2 mm thick, was prepared with the same method used for the light transmittance measurement. Although enamel is known to be microscopically birefringent, the sample enamel can be considered as an isotropic material that is independent of the rotation of the sample around the axis of the incident beam 12) .
Statistical analysis
Multiple comparisons of the values of the light transmittances, refractive indices, KHNs and color differences among materials including enamel were made using one-way analysis variance and Tukey's test with a significance level of α=0.05. Five specimens of each material were used for each test.
RESULTS
The light transmittance spectral distributions as a function of wavelength of five pit and fissure sealants and 0.5-mm-thick enamel over the wavelength range of 380 to 780 nm are shown in Fig. 2 . The light transmittance was the mean value of five specimens. The light transmittance of the pit and fissure sealants increased with increasing wavelength and showed broad peaks around 430 and 550 nm.
The average values of the overall wavelengths from 400 to 500 nm were calculated as the value of light transmittance of the five materials with 0.25-, 0.5-and 1.0-mm-thick material and 0.5-mm-thick enamel are shown in Fig. 3 . The values of light transmittances at 0.25-mm-thick ranged from 17.5% for PLS to 55.4% for MFF, those at 0.5-mm-thick ranged from 10.0% for PLS to 40.4% for MFF, and those at 1.0-mm-thick ranged from 4.4% for PLS to 28.4% for MFF.
The values of KHN at the top and bottom surface of the specimens with 1.0-mm-thick irradiated directly were shown in Fig. 4 . KHN at the top surface ranged from 15.2 for WSE to 24.3 for MFF, and those at The color values of CIE L*a*b* of the five materials and enamel are shown in Table 2 . For all the pit and fissure sealants at 0.5-mm-thick, a* and b* of the Figure 7 shows the color differences, ΔE*, chromatic components ranged from −3.00 for PLS to calculated from color values for all 0.5-mm-thick −10.18 for TMF, and from 4.81 for PLS to 23.51 for materials compared to those of 0.5-mm-thick enamel. TMF, respectively.
The values of the color differences ranged from 7.07 for Figure 6 shows the refractive indices at 589.3 nm MFF to 31.74 for PLS. of the five materials and enamel; the values ranged from 1.504 for FOS to 1.546 for MFF, and that of enamel was 1.616. Table 2 The color values of CIE L*a*b*, which reflect the lightness and the chromatic component of the color difference, of five light-activated pit and fissure sealants with 0.25-, 0.5-and 1.0-mm-thick and enamel with 0. 
DISCUSSION
In the light transmittance spectral distributions for all pit and fissure sealants, a general trend was observed for the transmittance to increase as the wavelength increased from 380 to around 530 nm (Fig. 2) . In addition, a marked decrease at shorter wavelengths below 430 nm, and significant differences in light transmittance among materials were seen. The components of commercial resin-based pit and fissure sealants are similar to those of composite resin restorative materials 13) . The light passing through the composite resin is scattered by small particles, such as those of a filler, and the transmitted light is greatly reduced by scattering at shorter wavelengths 14) . Thus, the marked decrease in the light transmittance at shorter wavelengths observed was likely caused by higher scattering of light in the material. The wide and deep trough observed around 470 nm for all materials may have been due to light absorbance by the photoinitiator contained in the materials because the wavelength range was similar to the representative absorbance wavelength range of camphorquinone, a conventional photoinitiator often used in light-activated dental materials 15) . Our previous study reported that the filler particle in the composite resin played an important role for the light transmittance characteristics, including light diffusion characteristics, and color of the material 16) . Although limited information is available on the exact nature of chemical composition of pit and fissure sealants, the significant differences in the light transmittance would be likely caused by differences in the optical properties and the shape of filler particles, as well as particle size and filler content. The light transmittance spectra of the enamel also increased with increasing wavelength and showed a similar trend to the pit and fissure sealants, especially at shorter wavelengths below 530 nm. Enamel contains small inorganic apatite crystals, and these small particles would also scatter light transmitted through enamel. Although significant differences were detected in the magnitude of the color values for all five materials, the chromatic component of a* showed negative values, representing a green shift on the red−green chromatic coordinate, while b* showed more positive values, representing a yellow shift on the yellow−blue coordinate.
The enamel specimen also showed negative a* and positive b* values. This indicates that the color of all pit and fissure sealants tested showed more green-and yellowrich hues, as did human enamel. A reason for this may be the wavelength distribution of the light transmittance of the materials.
A higher light transmittance at a broad peak around 540 nm in the green range and a marked decrease at shorter wavelengths below 430 nm would result in shifting the color more to yellow and green. The MFF showed significantly higher light transmittance than other materials over all wavelengths and was close to that of enamel. The lightness component of L* of MFF was also similar to that of enamel. The partial agreement in light transmittance characteristics at shorter wavelengths among the pit and fissure sealants and enamel would contribute to matching the color appearance of these sealants to natural teeth and is desirable for matching the color appearance.
To evaluate the effect of light transmittance of the materials on the polymerization efficiency, the average values of overall light transmittance in the range from 400 to 500 nm, which is the representative absorption wavelength range for the camphorquinone used as a photoinitiator in a conventional catalyst system, were calculated (Fig. 3) . The light transmittance for all materials at 0.5-mm-thick was only 10.0−40.4%, and about equal or lower than those of conventional lightactivated composite resins previously reported 10) . Although pit and fissure sealants are used clinically as a thin layer, pit and fissure sealant flows into deep pits and fissures, which are often more than 1 mm deep 3) , before polymerization. The light transmittance of the materials decreased markedly with increasing thickness of the specimens. Reduction rates in light transmittance for 0.25-to 1.0-mm-thick materials reached approximately 49−75%. In addition to lightattenuating effects of the materials themselves, the light intensity on the irradiated material would be attenuated by an enamel layer in deep pits and fissures because irradiating directly deep into such pits and fissures is impossible. From 400 to 500 nm, the average light transmittance of enamel at 0.5-mm-thick was 42.3%.
This means that the light intensity irradiated to the material even through 0.5-mm-thick enamel is about half of the original light irradiated directly. The KHN values of the specimens irradiated directly with the light-curing unit ranged from 35% to 99% at 1.0-mm level from the top surface (Fig. 4) , whereas those irradiated indirectly through 0.5-mmthick enamel layer ranged from 66% to 99% at 0.25-mm level from the top surface, and only from 0% (KHN measurement could not be taken due to insufficient polymerization) to 92% at 1.0-mm level, respectively (Fig. 5 ). This result indicates that the light-attenuating effect of enamel and the material itself would considerately reduce the light energy reaching to the material in deep pits and fissures, and could affect the polymerization efficiency of the material. Less than optimal polymerization of resin could lead to allergic reactions and diminish physical and mechanical properties such as water sorption, strength, and wear resistance, and result in loss of the material 1, 17) . Thus, special care must be taken regarding the optimal polymerization of materials with lower light transmittance levels in deep pits and fissures. The use of a light-curing unit which supplies higher power of radiation light intensity may be necessary for the clinical situation.
The refractive indices of the pit and fissure sealants obtained in this study were 1.504−1.546, approximately 4−8% lower than that of enamel (Fig. 6) . The value of human enamel obtained in this study was 1.616 at 589.3 nm, consistent with published data (1.61−1.62 at 540 nm and 1.62 at 856 nm) determined by other techniques 12, 18) . Although no published refractive index data for polymerized pit and fissure sealants have been reported, the measured values of the pit and fissure sealants obtained in this study are close to those of conventional matrix resin (n≈1.54) and silica filler particle (n≈1.50 ) 19, 20) , which may be used for composition of the pit and fissure sealants. Therefore, it can be seen that the measured refractive index values of the pit and fissure sealants are adequate for comparing with that of enamel. The differences in the refractive indices of the materials could arise from differences in their structure and components, as with the light transmittance characteristics.
The refractive index strongly affects the light scattering characteristics and translucency, and results in the color appearance of the aesthetic translucent materials. The color difference values between all materials, except MFF, and the enamel specimen were greater than about 15 units, a highly significant color difference that can be readily detected visually by the naked eye (Fig. 7) . In contrast, MFF showed a smaller color difference, about half the minimum value of the other materials.
This indicates that the color appearance of MFF was more similar to that of enamel than the other materials, although color differences between MMF and enamel were large enough to be obviously detectable.
MFF showed a significantly higher refractive index, closer to that of enamel, than the other materials. Although the values of refractive indices for all materials were determined at only one specific wavelength, this trend would not change at other visible light wavelengths because the refractive index wavelength distribution of enamel would be very small at all visible light wavelengths 12) . The MFF also showed more similar light transmittance characteristics to enamel than the other materials. In light of these results, the significant differences in the light transmittance characteristics and refractive indices of the pit and fissure sealants from enamel may disturb accurate matching in color appearance of these pit and fissure sealants to natural teeth.
Within the limitations of the present study, from the viewpoint of aesthetic appearance and polymerization efficiency, it appears that the pit and fissure sealant should have optical properties, such as light transmittance and refractive index, as close as possible to those of natural enamel for clinical use.
COCLUSION
Our results demonstrate that the light transmittance for all pit and fissure sealants tested increased as wavelength increased, especially at shorter wavelengths below around 530 nm, and the light transmittance characteristics of the materials were correlated with their color appearance. The low light transmittance of the materials themselves at absorption wavelengths of the photoinitiator and light attenuating effect of enamel layer surrounding the materials reduced the polymerization efficiency of the material in deep pits and fissures. The refractive indices of the pit and fissure sealants at 589.3 nm were lower than that of enamel.
The significant differences in light transmittance characteristics and refractive indices between the materials and enamel can affect accurate matching in color appearance of the material to natural enamel.
